ABSTRACT. Development of heart rate variation in three frequency ranges was examined during sleep-waking states in normal infants over the first 6 mo of life. Extent of all three types of heart rate variation decreased from 1 wk to 1 mo of age. Extent of respiratory sinus arrhythmia increased from 1 mo to 6 mo during all sleep-waking states, with the increase most pronounced during quiet sleep. Variation in two bands of lower frequencies showed increases in extent from 1 to 3 mo, then a slowing or reversal of the increase between 3 and 4 mo of age. During rapid eye movement sleep, the two types of lower frequency heart rate variation decreased in extent from 3 through 6 mo of age. These results suggest that alterations in autonomic control of heart rate occur at several time periods over the first 6 mo of life and that these alterations may have an effect only on particular types of heart rate variation and only during particular sleep-waking states. The diminution of all three types of heart rate variation at 1 mo may indicate a reduction in vagal tone at this age. in infants: a high-frequency oscillation that is correlated with the respiratory cycle (RSA) (8-1 1) and lower frequency oscillations in a wide band of periods variously reported to range from 5 to 29 s (8-13). Radvanyi and Morel-Kahn (9) showed that the lower frequency variation is prominent in both QS and REM sleep before 37 wk gestational age. After 37 wk, RSA becomes the predominant type of heart rate variation in QS, and REM heart rate is characterized by RSA superimposed on lower frequency waves. Figure 1 shows heart rate variation during each sleepwaking state in one full-term infant at 2 mo postnatal age.
ABSTRACT. Development of heart rate variation in three frequency ranges was examined during sleep-waking states in normal infants over the first 6 mo of life. Extent of all three types of heart rate variation decreased from 1 wk to 1 mo of age. Extent of respiratory sinus arrhythmia increased from 1 mo to 6 mo during all sleep-waking states, with the increase most pronounced during quiet sleep. Variation in two bands of lower frequencies showed increases in extent from 1 to 3 mo, then a slowing or reversal of the increase between 3 and 4 mo of age. During rapid eye movement sleep, the two types of lower frequency heart rate variation decreased in extent from 3 through 6 mo of age. These results suggest that alterations in autonomic control of heart rate occur at several time periods over the first 6 mo of life and that these alterations may have an effect only on particular types of heart rate variation and only during particular sleep-waking states. The diminution of all three types of heart rate variation at 1 mo may indicate a reduction in vagal tone at this age. in infants: a high-frequency oscillation that is correlated with the respiratory cycle (RSA) (8-1 1) and lower frequency oscillations in a wide band of periods variously reported to range from 5 to 29 s (8) (9) (10) (11) (12) (13) . Radvanyi and Morel-Kahn (9) showed that the lower frequency variation is prominent in both QS and REM sleep before 37 wk gestational age. After 37 wk, RSA becomes the predominant type of heart rate variation in QS, and REM heart rate is characterized by RSA superimposed on lower frequency waves. Figure 1 shows heart rate variation during each sleepwaking state in one full-term infant at 2 mo postnatal age.
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Using spectral analytic techniques, Harper et al. (14) showed that RSA during QS decreases over the 1st mo of life and that RSA during all sleep-waking states increases from 1 to 6 mo of age. The maturational trends in the lower frequency variation identified in infants have yet to be examined. Characterization of the development of this variation in early life could provide clues to the maturation of the underlying processes in infants. In this study we use a time-domain technique to assess the maturational changes in RSA and lower frequency heart rate variation during each sleep-waking state in normal infants from 1 wk to 6 mo of age.
MATERIALS AND METHODS

QS, quiet skep REM, rapid eye movement
Polygraphic recordings of EEG, ECG, electrooculogram, digastric electromyogram, and expired C 0 2 were obtained from 25 RSA, respiratory sinus arrhythmia normal infants. Each infant was recorded on six occasions: at 1 wk of age and at 1,2, 3,4, and 6 mo of age. Each recording was begun at 1900 h and terminated at 0700 h the next morning. The ECG signal was fed into a Schmitt trigger generator that In healthy mammals, heart rate is not fixed, but undergoes produced a pulse for each R wave. The resulting trigger event moment-to-moment variation; the changes in heart rate may be times were digitized along with the other signals. rapid or prolonged. One prominent modulation of heart rate is Each 1-min epoch of data was classified as QS, REM sleep, RSA, which is characterized by increased heart rate during AW, or indeterminate state by two trained observers using criinspiration and slowing of the heart during expiration. RSA is teria similar to those suggested by Anders et a/. (15) for state most pronounced during QS (I) and is primarily mediated by classification of newborns. Two of the 25 subjects were elimithe parasympathetic nervous system (2-4). nated because of missing or distorted signals, leaving a total of Two types of heart rate variation with periods longer than that 23 subjects, each with one recording at each of the six ages. of RSA have been identified in dogs and human adults. Oscilla-
The intervals between successive R waves of the ECG (R-R tions with periods of approximately 10 s can be attributed to intervals) were calculated from the R wave trigger times with an fluctuations in blood pressure (5) and are apparently mediated accuracy of * 1 ms, and breath-to-breath intervals were deterby the parasympathetic nervous system (3). Variation with pe-mined from the respiratory waveform. The median heart and nods of approximately 20 s is probably mediated by thermoreg-respiratory rates for each 1-min epoch were determined from ulatory mechanisms (6, 7) and is jointly controlled by both these R-R and breath-to-breath intervals. R-R intervals were parasympathetic and P-sympathetic components of the auto-subjected to an automated artifact detection and correction nomic nervous system (3).
procedure (16) , which identified those epochs containing considTwo major types of heart rate variation have been identified erable artifact as unsuitable for analysis. In addition, those epochs in which the median respiratory rate, calculated as the reciprocal 344 SCHECHTMAN ET AL. Plots of cardiac R-R intervals from one 2-mo-old infant during different sleep-waking states. During quiet sleep, respiratory sinus arrhythmia is the predominant type of heart rate variation seen. REM sleep is characterized by respiratory sinus arrhythmia superimposed on large lower frequency changes in heart rate. During quiet waking, heart rate is relatively fixed with slight low frequency changes.
trough detection routine that calculated the period and extent (amplitude) of each variation in heart rate (16) . This routine recognizes the highest frequency variation in an R-R interval record by identifying changes in the sign of the slope of the R-R interval curve as "peaks" and "troughs." Lower frequency variation is recognized as peaks and troughs in the curve formed by the peaks of the next higher frequency. The period of each variation is calculated by summing the R-R intervals between two peaks, and the extent of variation is represented by the peakto-trough difference in ms. Each variation in heart rate is thus described by two values representing its period and extent.
The median extent of all variation in each of three period ranges was determined for each epoch: 0.9 to 3.0 s, predominantly respiratory-related heart rate variation (RSA), and 4.0 to 7.5 s and 12 to 30 s, the two extremes of the lower frequency heart rate variation identified in infants. The lower frequency heart rate variation was thus divided into "midfrequency" and "low frequency" variation, rather than combining all variation with periods ranging from 4 to 30 s. A broad frequency range including the bulk of respiratory activity in infants of this age (17) was chosen for assessment of RSA, rather than a narrower band at approximately the respiratory frequency, to ensure that all respiratory-related heart rate variation was assessed in each epoch despite differences in respiratory variability. For each type of heart rate variation, the median, rather than the mean, extent was used to prevent one or two aberrant changes in heart rate (e.g. a change caused by an apneic episode or other such event) from grossly affecting the measure of overall variability within the epoch.
For each recording, the median extent of each type of heart rate variation was determined for QS, REM sleep, and AW. The use of the median rather than the mean provided a more stable measure of extent, in light of considerable variability in minuteby-minute estimates. For each type of heart rate variation, a twoway analysis of variance [BMDP2V (1 8)] was performed to assess differences in heart rate variation over the six ages and the three sleep-waking states.
RESULTS RSA. Figure 2 shows the mean extent of RSA during QS, REM sleep, and AW at each age. RSA was diminished at 1 mo of age during all three sleep-waking states. During the first 2 mo of life, extent of RSA was similar in QS and REM sleep. After 2 mo of age, however, extent of RSA showed much more rapid maturational increases during QS than during REM sleep. Extent of RSA was lower during AW than during either sleep state at all ages. Analysis showed a significant age x state interaction ( p < 0.0001), as well as significant simple main effects for both variables ( p < 0.0001 for both age and state).
Midfregueny heart rate variation. Mean extent of midfrequency heart rate variation during each sleep-waking state is shown in Figure 3 . Extent of midfrequency heart rate variation was greatest during REM sleep at all ages. Midfrequency heart rate variation was diminished at 1 mo of age in all sleep-waking states. During QS, extent of midfrequency heart rate variation increased from 1 through 6 mo of age. During REM sleep, extent of this type of variation increased from 1 to 3 mo of age, and then decreased through 6 mo. During AW, there was a slight decrease in extent of midfrequency heart rate variation from 3 to 4 mo of age, but the increasing trend resumed after 4 mo of age. Analysis showed a significant state x age interaction ( p < 0.0001) and simple main effects for both state ( p < 0.0001) and age ( p < 0.0001).
Lowfrequency heart rate variation. Figure 4 shows mean extent of low frequency heart rate variation during QS, REM sleep, and AW over the first 6 mo of life. Extent of low frequency heart rate variation also decreased over the 1st mo of life during all sleep-waking states. In all three states, the developmental patterns were similar to those of midfrequency heart rate variation. Again, analysis showed a significant state x age interaction ( p < 0.0004) A G E (months) Fig. 3 . Mean extent of midfrequency heart rate variation (MID) during each state in 23 normal infants over the first 6 mo of life.
Midfrequency heart rate variation is diminished at 1 mo during all states, and declines after 3 mo during REM sleep.
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and simple main effects of both state ( p < 0.0001) and age ( p < 0.000 1).
The kean and SE for each type of heart rate variation in each sleep state and each age group are shown in Table 1 . Notice that RSA is most prominent in QS in the older infants and that both mid-and low frequency heart rate variation are most prominent during REM sleep in all age groups.
DISCUSSION
These results confirm previous findings that, during QS, extent of RSA decreases over the 1st mo of life and then gradually increases (14) . Our results differ from the previous findings in several ways. We found RSA to be diminished at 1 mo of age during all sleep-waking states, whereas the spectral study showed a diminution only during QS. We also found extent of RSA to be similar in QS and REM sleep during the first 2 mo of life, whereas spectral analysis showed RSA to be more prominent during QS at all ages up to 6 mo. In addition, peakjtrough techniques showed extent of RSA during QS to increase steeply through the 6th mo of life, whereas spectral analysis showed only minor changes after 3 mo of age.
All these differences between the two studies may result from differences in the manner in which RSA is quantified by the two methods. Using spectral analysis, heart rate variation is assessed Fig. 4 . Mean extent of low frequency heart rate variation (LOW) during each state in 23 normal infants over the first 6 mo of life. In each state, the developmental pattern of low frequency heart rate variation is similar to that of midfrequency heart rate variation (Fig. 3) . by fitting various sine waves within the frequency range of interest to the signal, and measuring the goodness of fit of the signal to the sine waves; thus, spectral techniques are most appropriately applied to sinusoidal, or near-sinusoidal, variation. However, peakjtrough techniques are less sensitive to the shape of variation, and assess equally all variation with a given peakto-peak period, regardless of asymmetry or other nonsinusoidal features. Thus, differences in the sinusoidal nature of variation might account for differences in results obtained by spectral versus peakjtrough methods. The use of a wider (and standardized) bandwidth for RSA in our study might also account for the discrepancy between these findings and the findings obtained using spectral analysis. The use of this wider bandwidth has the advantage of measuring all respiratory-related heart rate variation despite wide differences in respiratory variability, but the disadvantage of possible inclusion of some heart rate variation from nonrespiratory sources. Finally, the extent of lower frequency variation may affect the measurement of extent of higher frequency variation using the peakjtrough method, whereas this bias may be avoided in spectral analysis with appropriate prewhitening techniques as were used by Harper et al. (14) . This effect is minimized, however, by use of the median rather than the mean as the measure of central tendency in the peakjtrough method, and visual examination of the data did not show contamination from lower frequency variation to significantly affect measurements.
Our finding that extent of RSA is similar in QS and REM sleep during the first 2 mo of life may reflect immaturity of sleep state differentiation during this period. The finding that, during QS, extent of RSA increases steadily from 1 through 6 mo of age, whereas during REM sleep, extent of this variation plateaus after 3 mo, may anticipate the greater extent of RSA during QS relative to REM sleep previously demonstrated in adults (1) .
We have found that extent of all types of heart rate variation decreases over the 1st mo of life, and that these decreases are apparent during all sleep-waking states, suggesting that the previous finding of diminished RSA at 1 mo of age (14) may not be a result of a specific change in the cardiac-respiratory interaction, but possibly the result of a general decrease in parasympathetic control of the heart during this period. Such a decrease in cardiac parasympathetic control would also account for the increased heart rate observed in infants at this age (19) . Although an increase in sympathetic outflow might also account for increased heart rate, sympathetic activity has little effect on RSA (2-4) or the 10-s blood pressure oscillation (3) in adults; thus, it is unlikely that an increase in sympathetic activity could account for the decreases in heart rate variation.
Mid-and low frequency heart rate variation followed very similar maturational patterns. Both types of variation showed decreased extent over the 1st mo of life, followed by steep increases over the next 2 mo in all sleep states. From 3 to 6 mo of age, the developmental pattern was different for each sleepwaking state, but for each state, mid-and low frequency variation showed similar patterns. During all states, the steep increases in both types of variation ended at 3 mo of age, but only during REM sleep did extent of variation begin a decline at this age that lasted through 6 mo of age. The similarity of the developmental patterns of mid-and low frequency heart rate variation suggests that, despite the wide range of frequencies, variation with periods ranging from 4 to 30 s may be controlled by similar mechanisms.
Blood pressure and thermoregulatory influences have been shown to cause heart rate variation in adults (5-7) and must, therefore, be considered as possible sources of the mid-and low frequency variation observed in infants. Several other factors may also contribute to heart rate variation in the mid-and low frequency bands. Movement is associated with variation in heart rate in the fetus (20) (21) (22) (23) and the infant (22, 24) , as well as in adults (25) . Respiratory pauses, which are common in infants (26) , also cause changes in heart rate (27) , as do sucking and crying behaviors. Developmental changes in these factors may contribute to the maturational patterns of mid-and low frequency heart rate variation.
It is apparent from these results that maturation of the mechanisms contributing to heart rate variation does not occur linearly over the first 6 mo of life. Between 1 wk and 1 mo of age, some factor (possibly a decrease in parasympathetic tone to the heart) causes a sudden diminution of all types of heart rate variation. Extent of all types of heart rate variation then increases from age 1 to 3 mo. Between 3 and 4 mo of age, some factor slows or reverses the increasing trends, and during REM sleep, the' decrease in lower frequency heart rate variation continues into the 6th mo of life. These developmental changes in heart rate variation provide us with insights into the development of autonomic control systems in infants.
